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nearshore current circulation patterns and current velocities can improve tactics for slick diversion or containment to protect sensitive
coastal environments.
The objective of this discussion is to relate knowledge of the physical dynamics of selected nearshore coastal environments to spill
countermeasure operations. For example, booms that are deployed to
work with known nearshore current patterns will be more effective
than those which are deployed in a configuration that does not take
into account tidal or wind-driven currents. To illustrate the relationship between circulation patterns, oil movement, and boom deployment we consider two different coastal environments—coral reef
systems and barrier island tidal inlets. Most reef systems have a circulation pattern that is dominated by wind or wave-driven forces,
whereas meso-tidal barrier island inlets have tide-dominated currents.
Incorporation of such environmental factors in contingency planning or response operations is important to ensure that response
activities during a spill incident will be both realistic and practical.12
Environmental sensitivity has received considerable attention in
terms of developing response priorities, and the need for different
types of contingency plans for differing coastal environments has been
identified.10 Now, environmental parameters need to be related to
response operations at a more detailed level than the regional scales
that have been considered to date. The development of a contingency
plan that deals with regional coastal environments involves an assessment of operational conditions at the strategic scale. This paper focuses on more local, site-specific environmental factors, such as the
nearshore circulation patterns, that should be taken into account
when developing spill response tactics.

ABSTRACT: The movement of oil on the water surface is a result of
meteorologic and oceanographic processes. Attempts to contain or
divert surface oil using booms should factor these processes into the
development of deployment tactics. Attempts to deploy booms, disregarding physical and environmental conditions often have met with
failure. Differing physical parameters affect water circulation and the
movement of oil in the nearshore environments of reef/lagoon and
barrier inlet systems; generalized models identify the primary features
of each of these two systems for selection of appropriate methods of
boom deployment. Circulation patterns across reefs are dominated by
wave-driven and tidal-driven forces that carry water across the reef crest
into the low energy lagoonal environment. Within the lagoon, tidal and
wind stress forces become important factors that drive the circulation
systems. Barrier island inlets that form in meso-tidal environments have
circulation patterns that are dominated by cyclical tidal forces. In the
narrow inlet throats current velocities are frequently too great for
booms to contain oil. In this situation diversion of surface oil to areas
of low current speeds can be used to protect sensitive lagoonal environments. During the early stages of a flooding tide, current inflow
through the inlet is in marginal channels and at this tidal stage oil could
be diverted to the shoreline before it enters the inlet throat.

Progress for spill response in nearshore environments has focused
primarily on the development of equipment that is used to contain or
remove the oil, rather than on the environmental conditions that
control the movement of oil on the water surface. In the event of large
spills that release a high volume of oil adjacent to the coastal zone, the
understanding of nearshore physical processes can contribute relatively little to containment or cleanup operations. In spill incidents
where the source of the oil is sufficiently distant from the coast, and
where oil that approaches the shoreline can be controlled by the use
of booms, then a knowledge of the environmental conditions that
effect the movement of spilled oils can be of great importance in the
deployment of the containment devices. In particular, a knowledge of

Spill movements at sea
The movement of oil slicks on the water surface is controlled primarily by the surface currents, or by local winds if these exceed the
current speed. A general model of slick behavior and slick growth can
be related to the physical oceanographic and meteorologic processes
that operate in the offshore and nearshore environments (Figure 1).
As the time element following a spill increases, the slick is influenced
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Figure 1. The growth of oil slicks in relation to physical oceanographic and meteorologic processes

by differing processes that occur at different scales. Local tidal currents and local wind conditions affect the growth and movement of a
slick at a different scale than do coastal boundary currents, oceanographic circulation, or planetary wind systems. Changes in wind
direction, or the movement of oil from one current system into
another, result in a change in the direction of movement of the oil.
Where weather systems are smaller than the slick, they will tend to
have a dispersive effect, whereas if the slick is smaller than the
weather system that is operating over the area there will be a tendency
for advection to take place and for the slick to be contained. In
principle, the potential for dispersion increases as the area of the slick
increases. 8
Within the nearshore environment, water movements associated
with winds, waves and tides play a critical role in determining the
actual movement of oil on the water surface. In the case of the Amoco
Cadiz the oil was spilled within the coastal boundary layer and this
resulted in containment and alongshore movement of the oil near the
coast. 8 If a large spill occurs near the coast, as in the Amoco Cadiz
incident, oil will likely cover the entire water surface and there is
generally little that can be done to contain or divert surface oil to
protect coastal environments or habitats. In this type of spill, if the sea
breeze is an important environmental process then oil that is spilled
in the coastal area, up to 50 km from the shore, likely will be contained and driven onshore by the containing effects of the sea breeze,
as the onshore winds are generally stronger and have a longer duration than offshore winds. 6
If the spill is sufficiently distant from the shoreline or if the volume
of oil that is on the water surface is sufficiently small so that it can be
controlled by booming or other containment techniques, then allowance should be given to the local physical processes that affect the
movement of the oil on the water surface in the nearshore environ-

ment. Atmospheric processes remain difficult to predict so that wind
and wave conditions can only be determined precisely at the time of
an incident itself. Tidal processes are generally predictable, providing
there is a sufficiently detailed data base on the tidal regime, and river
run-off patterns are usually seasonal. Despite the difficulty of predicting some of the most important parameters that control slick growth
and movement, these processes must be taken into account during the
deployment of equipment in a cleanup operation. This paper considers those aspects of physical environmental processes that can
be predetermined, such as tidal processes, and identifies other factors that affect oil movement and boom deployment in nearshore
environments.

Diversion and containment booms
There exists a wide variety of booms that have been developed for
specific uses under different environmental conditions. The physical
specifications of individual commercial booms or of booms that are
constructed on site must be taken into account when these are deployed on the water surface. For example, many types of curtain or
fence booms are not suitable in rough water conditions where wave
heights exceed 25 cm or when water velocities exceed 50 cm/second
(1 knot).
Foget, et al.2 differentiate between containment and diversion
booming techniques. Containment booming is used on open water
with deployment being made downwind or in the direction of the
surface current ahead of the leading edge of the floating slick. Diversion booming involves the use of two or more lengths of boom placed
in a cascading formation so that the lead boom intercepts the oncom-
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Figure 2. Deployment angles for different current speeds of three high-stability boom types

ing slick and diverts it toward a shoreline or other recovery area. The
next boom is placed downstream, continuing the diversion process
until the slick is directed toward a recovery area. The second method
of diversion booming is similar except that the diverting boom is
attached or anchored to the shoreline.
The optimum angle of boom deployment depends upon the current
speed and the length and type of boom that is to be used. The various
types of boom have differing degrees of stability depending upon
current conditions. The more stable the type of boom, then the larger
is the optimum deployment angle for a particular current speed.
Booms with a high ratio of buoyancy-to-weight, with retention members that are located at the top and bottom edges, and booms with
horizontally floating collars, resist pivoting and have good stability
under most conditions. Three of the more stable boom types are
illustrated in Figure 2 along with their optimum deployment angles for
different current speeds. If a boom is anchored to the shoreline, the
angle of the boom should be increased as current speed increases
alongshore (Figure 3). The length of boom required for diversion
booming will depend on the width of the approaching slick and the
area of shoreline to be protected.

western Madagascar and Kenya, the reef crests are exposed at low
tide. 14 Reef communities develop in response to the physical processes of the regional environment. For example, reefs that develop
in small enclosed seas with limited fetch areas, such as the Gulf of
Suez, are more likely to be influenced by strong tidal currents than by
waves.18 Reefs in an open ocean setting, such as Tahiti in the Pacific,
however, are strongly influenced by unidirectional trade-wind wave
fields and swells from the Antarctic Ocean.
Typically a reef environment is characterized by a forereef shelf of
large spurs or buttresses that are separated by areas of sediment

BOOM ANGLE

70°

Reef/lagoon environments
Although shoreline environments represent complex zones of airland-sea interaction, tropical coasts that are dominated by coral reefs
are among the most difficult with respect to spill response planning
due to the combination of a complicated shoreline configuration with
highly sensitive biological communities. Coral reefs and their associated environments are without equal in terms of their organic productivity and the diversity of organisms. The growth of reef systems
modifies local physical environmental conditions and produces lowenergy backreef lagoons that are in contrast to the high-energy exposed reef sections. In some areas with large tidal ranges, for example

DIVERSION TO PICK UP AREA

BOOM D E P L O Y M E N T A N G L E S

Figure 3. Boom deployment angles for diversion of oil to a shoreline
at different current speeds (3.0 ft/s is equal to 0.91 m/s)
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tions (see Figure 4). These relatively simple circulation patterns are in
contrast to those that have been identified in larger lagoon systems,
such as North Sound on Grand Cayman Island. Field observations
and hydrodynamic models in this latter type of system indicate the
presence of gyres that have low current velocities compared to the
strong currents that cross the reef crest (Figure 8). Although the
larger lagoon systems are different in terms of circulation, the driving
forces are, nevertheless, the wave and tide-induced mass flux across
the reef crest coupled with local wind effects.
Containment strategies can be developed for the two lagoonal types
described briefly above. In the case of the linear lagoon (Figure 9) it
would be difficult to divert the oil on the seaward margin of the high
energy reef crest for both logistical and environmental reasons.
Booms could be positioned at two critical areas within the lagoon to
take advantage of the natural circulation pattern to divert oil on the
water surface away from the mainland shore. The updrift boom would
deflect oil into the main lagoonal circulation pattern and toward a
second boom which would be anchored at a downcurrent collection
site. Tactics would be different in a larger lagoonal system and would
depend upon the exact nature of the circulation pattern. In this example from Cayman Island (Figure 10) the natural circulation cells of the
inner lagoon are utilized to assist in the diversion and containment of

Figure 5. Shallow reef crest: Buck Island, St. Croix, U.S. Virgin
Islands
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Figure 4. Current patterns defined by sand sheets due to sediment
transport: La Morne, Mauritius
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Figure 6. Reef crest surge currents caused by trade wind waves
(4-7 s period) breaking on a reef at low tide: Great Pond Bay, St.
Croix, U.S. Virgin Islands
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accumulation. The forereef is backed by the reef crest, which absorbs
the full force of breaking waves. The physical character of the reef
crest varies from the coral-dominated communities of the Caribbean
reef systems to the algal ridges, which are typical of Indo-Pacific
reefs. Reef crests are generally shallow in depth and subject to stormrelated processes. Shoreward of the reef crest, broad reef flats represent lower-energy environments.
Lagoons that are formed between the reef and the mainland shoreline are basins that can be characterized by a variety of sediments
derived from breakdown of the reef system or from the in-situ accumulation of skeletal material. The character of the backreef shoreline
is generally dependent upon the width of the lagoon. Narrow lagoons,
less than 2 km wide, have high shoreline energy levels and tend to
have sand or cobble beaches (Figure 4). In situations with wide lagoons, greater than 2 km, the shorelines are low-energy and typically
have mangrove swamp or muddy tidal flat environments, depending
on local sediment sources, backshore geology and climate. 1 As the
area or the depth of the lagoon increases, the potential for wave
generation within the lagoon area also increases.
Wave-generated energy levels on the forereef shelf are enhanced by
strong currents, greater than 50 cm/s, that are usually unidirectional
and directed along-shelf and onshore. Current speeds and current
directions frequently have a tidal periodicity, with strong onshore
flows at flood tide and weak, short-lived offshore flows at ebb tide.
Wave measurements from the forereef shelf indicate that deep-water
wave characteristics are modified by reef morphology. 16 Wave and
current characteristics generally favor the movement of oil on the
water surface across the forereef shelf and toward the shallow reef
crest (Figure 5). The fact that waves are transformed at the reef crest
is important to the transport of oil from a shelf to a lagoonal environment. Wave energy is changed in part to current energy at the reef
crest by the wave breaking process. A comparison of wave spectra in
different parts of the reef system (Figure 6) indicates that 97 percent
of the incoming wave energy is lost between the forereef and the
backreef lagoon in areas where there is a water depth of only 1.0 to
1.5 m. As waves break on the crest, currents surge into the backreef
lagoon. Under wave conditions with a 4-to-6 second period, the short
duration surge currents can reach as much as 180 cm/s (Figure 7). 17
Surge current speeds at low tide are about twice those at high tide
because of the change in water depth over the crest which modifies the
intensity of breaking waves.
Currents in the lagoonal system are the result of mass transport
associated primarily with the movement of water over the reef crest.
In a narrow lagoon system that is fronted by a continuous linear reef,
such as one that has been studied in St. Croix, Virgin Islands, it was
found that there was a mass flux of water over the reef and a resulting
lagoonal flow field that basically paralleled the long dimensions of the
lagoon. Current measurements and the orientation of bedforms provided evidence of the same basic flow direction during storm condi-
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Figure 8. Two-dimensional hydrodynamic model of the circulation of
North Sound, Grand Cayman Island, B.W.I.; results confirmed by
field measurements
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Figure 7. Wave spectra derived from data collected at low tide: Great
Pond Bay, St. Croix, U.S. Virgin Islands

Figure 9. Typical narrow backreef lagoon (Great Pond Bay, St.
Croix, U.S. Virgin Islands), showing probable trajectory of an oil spill
with boom deployment to divert oil toward a containment area—flow
patterns (arrows) derived from drogue studies under normal trade
wind conditions

Figure 10. Boom deployment strategy for North Sound, Grand Cayman Island, B.W.I, based on Figure 8 (see text)
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Barrier island inlet systems
Inlets can form on barrier island coasts where the tidal range is less
than 4 m. Inlets are extremely dynamic in time and space and their
character is dependent upon a combination of physical oceanographic
and geological parameters that produce a variety of configurations.
In coastal environments where the tidal range is less than 2 m, inlets
are generally infrequent and are characterized by large flood-tidal
deltas with poorly pronounced ebb-tidal deltas due to the dominance
of wave over tidal processes. By contrast, where the tidal range is
between 2 and 4 m, inlets are frequently numerous and have large
ebb-tidal and moderate sized flood-tidal deltas. 4
Inlet morphology can be seen initially as a direct result of the
balance between wave-energy levels at the shoreline and tidal range.
Other factors that directly influence inlet morphology are the size of
the barrier lagoon and the volume of the tidal prism (Figure l l ) . 9
Wave processes dominate the morphology of inlets in microtidal environments so that the ebb-tidal deltas are generally small or absent
due to the small volume of water that passes out of the inlet throat
during the ebb-tidal phase. By contrast, meso-tidal tide-dominated
inlets have large tidal deltas that extend far out from the barrier shore
(Figure 12), and these deltas have well-defined deep main channels
and deep inlet throats. This discussion will focus on meso-tidal barrier
island systems to identify those components of the ebb and flood
circulation patterns that must be considered when developing tactics
for boom deployment to prevent oil from entering lagoons through
barrier inlets. The model and terminology used in this discussion
follow that of Hayes (Figure 13).3 This model is somewhat simplistic
as it does not take into account situations where there is an offset, or
overlap, at the inlet due to the dominance of waves that approach
from one direction at an angle to the shoreline.
At low tide the currents in the marginal flood channel change from
exiting to entering through the inlet throat into the lagoon (Figure
14). The currents in the main ebb channel continue to exit through the
inlet throat for a period of between 1 and 2 hours after low tide. 5
During this initial phase of the flooding tide, therefore, it may be
possible for oil to migrate in through an inlet in the marginal flood
channels. This oil could be redirected toward the shoreline on the
outer exposed barriers by single or cascading diversion booms, if this
is considered necessary to prevent oil from entering the lagoon area
(Figure 15a). Once stranded the oil could then be picked up manually
or mechanically. As the flood tide progresses, the current velocities in
the marginal channels increase (Figure 14), and they frequently exceed the velocity threshold for practical booming.
If it is not possible to divert or contain the oil on the seaward margin
of the inlet at this stage of the tide, yet containment is still desirable
to protect parts of the lagoonal environment, then booms would have
to be deployed on the landward side of the inlet in channels adjacent
to the submerging flood-tidal delta. Although current velocities at the
inlet throat during this stage of the flooding tide are generally high,
once the water has passed through the inlet constriction there is a
rapid reduction in flow velocities as the cross-sectional area through
which the water must pass increases. One strategy for diverting oil to

Figure 11. Summary diagram of regional trends in inlet parameters
along the southeast coast of the U.S.9

the adjacent lee-side shores of the barrier beaches is given in Figure
15b. This approach depends upon using two boom systems, with the
secondary boom anchored around the flood-tidal delta. This type of
configuration assumes that not all of the oil that passes through the
inlet would be diverted by the primary boom. Recovery at the anchor
points of the booms would have to take place rapidly during the slack
high-tide period before the tidal currents reverse (Figure 14). Once
the tidal currents begin to ebb no further oil would enter the inlet until
the commencement of the next flood-tidal cycle.
The basic strategy that would be used in this type of situation
therefore is one of (a) diversion on the seaward margin of the inlet in
the marginal flood channels during the first few hours of the flood
tide, and then a subsequent change of tactics to (b) diversion on the
inner part of the inlet during the latter half of the flood tide. Again,
it must be emphasized that this example is a model and that each inlet
has different patterns of currents and channels that relate to the
local environment. Frequently, it is possible to interpret the morphodynamics of an inlet from vertical aerial photography or from oblique
photographs. A brief analysis of bedform characteristics can provide
accurate information on maximum tidal current velocities in the different parts of the inlet delta systems. Similarly, dye experiments can
indicate current velocity and directions at different stages of the tidal
cycle.

Discussion
Reef systems are characterized by strong landward movements of
water across the reef crest and this across-reef flow is maintained
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the oil on the water surface. Oil that enters the inner part of the
lagoon could be contained within the low-energy gyres by the placement of booms on the western or downwind side of those gyres. Oil
that crosses the reef crest on the western side of the lagoon entrance
could be diverted into an east/west flow field that exists near the reef
crest, so that the oil would be transported out of the lagoon and into
a current field that might bypass the island.
These two examples of containment strategies are not intended to
be definitive for reef/lagoon environments. They serve to illustrate
the type of boom deployment that may be implemented once the local
circulation pattern has been identified. If few data are available, and
time permits, it would be possible to undertake dye-tracer or drifting
drogue experiments to determine probable oil trajectories prior to
arrival of oil in the coastal system. An important factor to be borne
in mind throughout the development of these boom deployment tactics is that oil is extremely sensitive to wind stress and moves essentially as if it were frictionally uncoupled from the water beneath it.
Therefore, boom placement should be on the downwind side within
a lagoonal environment.
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Figure 12. Barrier island tidal inlet, ocean at right: Magdalen Islands, Quebec (photo by P. R. Hague)
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Figure 14. Tidal currents on the ocean side of a tidal inlet—Note the
lag of current reversal in the main ebb channel after the turn from an
ebb to flood tide.7

throughout the entire tidal cycle in most Caribbean reefs. Lagoonal
circulation patterns are driven by a combination of wave and tideinduced forces plus wind stress. By contrast, barrier island inlets in
meso-tidal environments are characterized by tide-dominated forces,
with secondary inputs from wind stress and river discharge. In these
systems the cyclic pattern of tidal currents generally controls the
movement of oil on the water surface through the inlet.
The most effective method of shoreline protection is to contain and
remove oil from the water surface before it approaches the coastal
zone. If this option is not possible, either because of time or resource
limitations, then the deployment of booms for shoreline protection in
the nearshore environment must take into account those factors that

affect the movement of spilled oil on the water surface. The lowenergy lagoonal environments that are associated with the two examples that have been selected for this discussion are frequently designated for protection operations. In most cases removal of oil from the
water surface would be a less costly and more efficient method than
would be the cleanup of oiled mangrove or marsh shorelines. In
addition, such onshore operations can cause considerable damage to
vegetated shoreline habitats.
Booms are a primary mechanism by which oil may be contained or
deflected for subsequent recovery. The limitations on boom performance vary considerably depending upon the design of the boom and
upon the environmental conditions during deployment operations.
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®

response option can only be known at the time of the incident. Prespill planning can nevertheless take into account factors such as tidal
range, tidal current patterns, and bathymetry which remain relatively
constant through time.
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Figure 15. Schematic for boom deployment during (a) initial (0-to-2
hours) and (b) subsequent stages of the flooding tide

Boom failure frequently occurs when current velocities exceed 30-to50 cm/second. This can be a very limiting factor in most coastal
environments, but can in many cases be modified if booms are deployed at an angle to the current rather than across the current.
Surface oil may be deflected to more quiescent areas and skimmed
from the water surface or may be deflected onto the shoreline for
subsequent manual or mechanical removal. This type of operation
requires a knowledge of the circulation patterns and current velocities
in the nearshore zone. If such information is not available it may be
possible to undertake field measurements of surface currents or, in
shallow sandy areas, to interpret the form and distribution of bedforms such as sandwaves and mega-ripples that result from wave and
tide-induced currents.
A consideration of nearshore circulation patterns in inlets has been
used on spills in recent years to recommend boom deployment techniques in areas of high inlet currents. 1115 The two examples used in
this discussion are simplified but indicate the general principles upon
which a boom deployment program can be developed.
Each inlet or lagoon system is different physically from all others,
in terms of both geology and oceanography. The wind, wave, and
current conditions that control the applicability and effectiveness of a
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